Abstract: Gallium nitride (GaN) is one of important functional materials for optoelectronics and electronics. GaN exists both in equilibrium wurtzite and metastable zinc-blende structural phases. The zinc-blende GaN has superior electronic and optical properties over wurtzite one. In this report, GaN nanodots can be fabricated by Ga metal droplets in ultra-high vacuum and then nitridation by nitrogen plasma. The size, shape, density, and crystal structure of GaN nanodots can be characterized by transmission electron microscopy. The growth parameters, such as pre-nitridation treatment on Si surface, substrate temperature, and plasma nitridation time, affect the crystal structure of GaN nanodots. Higher thermal energy could provide the driving force for the phase transformation of GaN nanodots from zinc-blende to wurtzite structures. Metastable zinc-blende GaN nanodots can be synthesized by the surface modification of Si (111) by nitrogen plasma, i.e., the pre-nitridation treatment is done at a lower growth temperature. This is because the pre-nitridation process can provide a nitrogen-terminal surface for the following Ga droplet formation and a nitrogen-rich condition for the formation of GaN nanodots during droplet epitaxy. The pre-nitridation of Si substrates, the formation of a thin SiN x layer, could inhibit the phase transformation of GaN nanodots from zinc-blende to wurtzite phases. The pre-nitridation treatment also affects the dot size, density, and surface roughness of samples.
Introduction
Group-III nitride-based semiconductors (InN, GaN, and AlN) have very wide bandgaps from 0.64 to 6.2 eV for various applications in optoelectronics and electronics [1] . Gallium nitride, with a direct bandgap of 3.4 eV, which shows high carrier mobility and high thermal conductivity, has been successful applied in commercialized devices, such as light emitting diodes (LED) and high electron mobility transistors (HEMT) [2, 3] . Moreover, for the quantum computing applications, nanostructures of GaN have large exciton binding energy and confinement potential for devices, such as single-photon emitters [4] and single-electron transistors [5] . In particular, GaN quantum dots are promising materials in these devices [6] .
For the fabrication techniques of GaN, GaN thin films can be epitaxially grown by molecular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD), pulsed laser deposition (PLD), and Hydride vapor-phase epitaxy (HVPE) [7] [8] [9] [10] [11] . Once the epi-layers have the lattice mismatch with two-dimensional wetting layers or substrates, self-assembled GaN nanodots can form due to the strain relaxation; this method is called the Stranski-Krastanov (SK) mode of epitaxial growth [12, 13] . Among these techniques, MBE procedure is performed in an ultra-high vacuum chamber in order to minimize contamination and in a lower-temperature growth condition. Other advantages of MBE are its capability to create heterostructures with sharp interfaces, and also to form metastable phase as zinc-blende structure of GaN. For another growth method of semiconductor nanostructures, droplet epitaxy mode using an MBE system was first proposed by Koguchi in 1990 [14, 15] . Therefore, the study of droplet epitaxy technique for GaN nanodots was initiated, which is the method of first forming Ga metal droplets in ultra-high vacuum, followed by the treatment of a nitrogen plasma source [16] . There are some advantages of droplet epitaxy by plasma-assisted MBE systems. For instance, self-organized GaN nanodots can be grown directly on various substrates. Density of GaN nanodots can be controlled by the growth parameters. Metastable zinc-blende structure can be performed in the GaN nanodots on sapphires by droplet epitaxy [17] [18] [19] [20] .
For the crystal structure of GaN nanostructures, wurtzite GaN is the thermodynamically stable phase, which suffers from the presence of a large built-in electric field, called the quantum confined Stark effect, that may degrade the device performance [21, 22] . On the other hand, the metastable zinc-blende (cubic) phase of GaN has no polarization fields. The polarization field effect, called the piezoelectric field effect, significantly affects the band structures and optical gain of optoelectronic devices. The radiative recombination time of cubic GaN quantum dots is two orders of magnitude higher than the one for wurtzite GaN quantum dots. The mobility of electrons and holes in a zinc-blende GaN is also intrinsically higher than in a wurtzite GaN due to lower phonon scattering in cubic crystals [23] . Up to now, most of the reports on the growth of cubic GaN nanodots have been proposed by the method of SK mode [24] [25] [26] . For the growth mode of droplet epitaxy, Wang et al. reported the mixture phases of wurtzite and zinc-blende on a sapphire substrate at the substrate temperature of 710 • C [18] . As's group reported cubic GaN quantum dots grown on 3C-AlN (001) substrates [27] . Studies on the phase transformation of GaN nanodots on silicon by droplet epitaxy technique are still rare. In this work, we focus on the investigation the crystal structures of GaN nanodots on Si (111) substrates fabricated by nitrogen plasma nitridation on the Ga metal droplets. The microstructure and crystal structures of GaN nanodots were characterized by transmission electron microscopy (TEM). The growth parameters of GaN nanodots, such as substrate temperatures and surface pre-nitridation treatment, influence on the crystal phases of GaN nanodots. Nonpolar GaN nanodots with cubic crystal structure can be performed on Si substrates by droplet epitaxy for the future applications in solid state quantum devices.
Materials and Methods
GaN nanodots grown by the method of droplet epitaxy were carried out in our ULVAC MBE system with a radio frequency (RF) nitrogen plasma source [19] . Two inch Si (111) wafers were cleaned using acetone to remove organic impurities and using 10% HF solution to remove the native oxide. After the chemical cleaning, one Si wafer was immediately put into MBE chamber with the base pressure of 1.0 × 10 −7 Pa. Then, Si substrates were heated to the temperature 850 • C for 20 min. After the thermal cleaning, the temperature of Si substrate was set to 500 or 550 • C for droplet epitaxy. For the droplet epitaxy process, nanoscale Ga metal droplets were initially formed on Si substrate at beam equivalent pressure 1.9 × 10 −4 Pa for the duration of 1 min by a Knudsen cell with 99.999999% Ga metal. Ga adatoms had high sticking coefficients on the substrate at lower growth temperature. At elevated temperatures, surface Ga accumulation was less effective since Ga atoms can evaporate from the surface [28] . The accumulation of Ga atoms had high surface free energy to form nanoscale Ga droplets according to the Volmer-Weber (VW) growth model [29] . Subsequently, the droplets were converted into GaN nanodots by using a nitrogen plasma source, called nitridation process. The parameters of nitridation were operated at an RF forward power of 500 W and N 2 flux of 2 sccm for 5 or 10 min. In addition, the pre-nitridation treatment at temperature 600 • C for 60 min on Si wafers was optionally conducted before the thermal evaporation of Ga metal droplets. The growth parameters of four samples are summarized in Table 1 . MBE system was equipped with an in-situ reflection high-energy electron diffraction (RHEED), which was employed for the observation of surface condition during the process of droplet epitaxy. RHEED patterns of samples C1 and C2 are shown in Figure 1 . The flat and reconstructed Si (111) surfaces can be obtained after thermal cleaning in Figure 1a ,d, which showed long-streak patterns. After the pre-nitridation treatment on Si, the RHEED patterns changed from striped to foggy due to the formation of amorphous nitride layer on Si, shown in Figure 1b . After the formation of Ga droplets, the pattern of surface was still foggy (not shown) which indicated an amorphous structure on the surface. Then, nitridation process led to the formation of GaN nanodots which showed the ring-centered pattern in Figure 1c . For the sample without the pre-nitridation process (C2), the RHEED pattern became foggy after the formation of Ga droplets, shown in Figure 1e . After the nitridation process, the formation of GaN nanodots also showed the ring-centered pattern in Figure 1f , indicating the polycrystalline GaN nanodots on Si [30] . surfaces can be obtained after thermal cleaning in Figure 1a ,d, which showed long-streak patterns.
After the pre-nitridation treatment on Si, the RHEED patterns changed from striped to foggy due to the formation of amorphous nitride layer on Si, shown in Figure 1b . After the formation of Ga droplets, the pattern of surface was still foggy (not shown) which indicated an amorphous structure on the surface. Then, nitridation process led to the formation of GaN nanodots which showed the ring-centered pattern in Figure 1c . For the sample without the pre-nitridation process (C2), the RHEED pattern became foggy after the formation of Ga droplets, shown in Figure 1e . After the nitridation process, the formation of GaN nanodots also showed the ring-centered pattern in Figure  1f , indicating the polycrystalline GaN nanodots on Si [30] .
Figure 1.
In-situ reflection high-energy electron diffraction (RHEED) observations: (a) C1 sample after thermal cleaning, (b) C1 sample after pre-nitridation on Si surface, (c) C1 sample after nitridation process (i.e., the formation of GaN nanodots), (d) C2 sample after thermal cleaning, (e) C2 sample after Ga droplets, and (f) C2 sample after nitridation process (i.e., the formation of GaN nanodots).
After the formation of GaN nanodots, surface morphology of the samples was examined using the images generated by field-emission scanning electron microscopy (SEM, JSE-7000F, JEOL, Tokyo, Japan) with accelerating voltage 15 KV. According to the observation of SEM, densities of GaN nanodots could be obtained. The surface roughness of samples was investigated by atomic force microscopy (AFM, C3000, Nanosurf, Liestal, Switzerland). The surface chemical composition of samples was studied by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific, Waltham, MA, USA). For the observation of GaN nanodots microstructure and crystal structures, high-resolution TEM images, and selective-area diffraction patterns were performed by using JEOL JEM-3010 with accelerating voltage 300 KV. The TEM specimen were prepared by Ar ion milling with an accelerating voltage of 5 KeV for the cross-section and plane-view TEM observations. Figure 1 . In-situ reflection high-energy electron diffraction (RHEED) observations: (a) C1 sample after thermal cleaning; (b) C1 sample after pre-nitridation on Si surface; (c) C1 sample after nitridation process (i.e., the formation of GaN nanodots); (d) C2 sample after thermal cleaning; (e) C2 sample after Ga droplets; and (f) C2 sample after nitridation process (i.e., the formation of GaN nanodots).
After the formation of GaN nanodots, surface morphology of the samples was examined using the images generated by field-emission scanning electron microscopy (SEM, JSE-7000F, JEOL, Tokyo, Japan) with accelerating voltage 15 KV. According to the observation of SEM, densities of GaN nanodots could be obtained. The surface roughness of samples was investigated by atomic force microscopy (AFM, C3000, Nanosurf, Liestal, Switzerland). The surface chemical composition of samples was studied by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific, Waltham, MA, USA). For the observation of GaN nanodots microstructure and crystal structures, high-resolution TEM images, and selective-area diffraction patterns were performed by using JEOL JEM-3010 with accelerating voltage 300 KV. The TEM specimen were prepared by Ar ion milling with an accelerating voltage of 5 KeV for the cross-section and plane-view TEM observations.
Results and Discussion
In the left column of Figure 2 , SEM images showed GaN nanodots on the surface of Si (111) in the magnification of 50,000, and their densities in the area of 5.65 µm 2 were calculated from the SEM images as 5.72 × 10 10 cm −2 , 2.57 × 10 10 cm −2 , 5.61 × 10 10 cm −2 , and 5.01 × 10 10 cm −2 for samples C1, C2, C3, and C4. To compare C1 with C2 or C3 with C4, the pre-nitridation treatment of Si surface made the density of GaN nanodots increase. C1 and C3 samples with pre-nitridation had higher density than the C2 and C4 samples without pre-nitridation, respectively. Moreover, the cross-section TEM images of GaN nanodots in the range of 500 nm are shown in the right column of Figure 2 . The average diameters of GaN nanodots were calculated from the TEM images as 21.9 nm, 24.5 nm, 15.1 nm, and 18.3 nm for C1, C2, C3, and C4, respectively. The pre-nitridation treatment made the size of GaN nanodots decrease slightly. In brief, the surface conditions of Si (111) can be modified by the substrate pre-nitridaiton process, as shown in the observation of in-situ RHEED, the nitrogen-terminal surface could influence the sticking coefficient of Ga atoms or the surface diffusion of Ga atoms. The surface-sticking coefficients of Ga atoms over N atoms can be higher than Ga atoms over Si atoms according to the chemical surface stability. The stronger bonding could reduce the surface diffusion length of Ga atoms during the formation of Ga droplets [31, 32] . Therefore, we found an increase of density and a decrease of average diameter of GaN nanodots for the samples with nitrogen plasma pre-nitridation treatment (C1 and C3). To further analyze their surface roughness, AFM images in an area of 5 µm × 5 µm of four samples are shown in Figure 3 . The average roughness of samples C1, C2, C3, and C4 are 2.56, 3.04, 1.34, and 1.65 nm, respectively. The samples without pre-nitridation treatment (C2 or C4) had higher surface roughness value than the ones with pre-nitridation (C1 or C3). This is because the larger size and lower density of GaN nanodots on Si which can perform higher surface roughness of samples. The observation of AFM was consistent to the results of SEM and TEM in Figure 2 . In order to identify the crystal structures of GaN nanodots, we prepared the specimens for the cross-section images of high-resolution transmission electron microscopy (HRTEM) and analyzed the crystal planes using the software Digital Micrograpy (version 1, Gatan, Pleasanton, CA, USA). The fast Fourier transformation (FFT) of the original HRTEM images was conducted on a single GaN nanodot, which can provide the simulated diffraction patterns. And then, the inverse fast Fourier transformation (IFFT) of the simulated diffraction patterns provided a clearer crystal structure of a single GaN nanodot. Finally, crystal planes can be identified according to the database of software [34] . Moreover, for the TEM observations of multiple GaN nanodots, we Since the pre-nitirdation treatment of Si (111) influenced the growth of GaN nanodots, we went forward to investigate the surface chemical composition using the measurements of XPS. Figure 4 shows the de-convoluted Ga-3d XPS spectra of GaN nanodots on Si (111) for samples C1, C2, C3, and C4. The XPS spectra were divided into three major components: Ga-O bonding with peak energy around 20.7 eV, Ga-N bonding with peak energy around 19.7 eV, and O-O bonding with the peak energy around 25.0 eV, obtained using the software Thermo Avantage (version 4, Thermo Scientific, Waltham, MA, USA). The samples with pre-nitridation treatment (C1 and C3) had relatively stronger peak intensities of Ga-N bonding due to more nitrogen provided for the formation of GaN nanodots. Meanwhile, we found high amount of oxygen chemisorptions on the surface of samples [33] . The strong Ga-O and weak O-O bonds came from the oxidation of nanodots on exposure to the air due to strong difference the electro negativity between Ga and O atoms [21] . This was because the uncompleted crystallization of Ga metal droplets could have existed after nitrogen plasma nitridation. When the nitridation time increased for samples C3 and C4, the peak intensity of Ga-N bonding was stronger due to the formation of the GaN crystal being more complete. In order to identify the crystal structures of GaN nanodots, we prepared the specimens for the cross-section images of high-resolution transmission electron microscopy (HRTEM) and analyzed the crystal planes using the software Digital Micrograpy (version 1, Gatan, Pleasanton, CA, USA). The fast Fourier transformation (FFT) of the original HRTEM images was conducted on a single GaN nanodot, which can provide the simulated diffraction patterns. And then, the inverse fast Fourier transformation (IFFT) of the simulated diffraction patterns provided a clearer crystal structure of a single GaN nanodot. Finally, crystal planes can be identified according to the database of software [34] . Moreover, for the TEM observations of multiple GaN nanodots, we In order to identify the crystal structures of GaN nanodots, we prepared the specimens for the cross-section images of high-resolution transmission electron microscopy (HRTEM) and analyzed the crystal planes using the software Digital Micrograpy (version 1, Gatan, Pleasanton, CA, USA). The fast Fourier transformation (FFT) of the original HRTEM images was conducted on a single GaN nanodot, which can provide the simulated diffraction patterns. And then, the inverse fast Fourier transformation (IFFT) of the simulated diffraction patterns provided a clearer crystal structure of a single GaN nanodot. Finally, crystal planes can be identified according to the database of software [34] . Moreover, for the TEM observations of multiple GaN nanodots, we prepared the specimens for plane-view TEM images as shown in Figure 5 and analyzed the selective area diffraction (SAD) patterns of GaN nanodots at a magnification of 500,000. The d-space of ring-like patterns can provide the planes for each ring using the software CSpot (version 1, CrystOrient, Zabierzów, Poland) with the aid of a crystallography open database [35] . Figure 5 shows the plane-view TEM image of sample C1 and its ring-like diffraction pattern in the inset. The ring-like pattern came from the polycrystalline GaN nanodots, which was consistent with the results of RHEED observations. In the TEM images, we could also find that the individual GaN dot could contain different misoriented nano-crystals. prepared the specimens for plane-view TEM images as shown in Figure 5 and analyzed the selective area diffraction (SAD) patterns of GaN nanodots at a magnification of 500,000. The d-space of ring-like patterns can provide the planes for each ring using the software CSpot (version 1, CrystOrient, Zabierzów, Poland) with the aid of a crystallography open database [35] . Figure 5 shows the plane-view TEM image of sample C1 and its ring-like diffraction pattern in the inset. The ring-like pattern came from the polycrystalline GaN nanodots, which was consistent with the results of RHEED observations. In the TEM images, we could also find that the individual GaN dot could contain different misoriented nano-crystals. shows the SAD patterns of GaN nanodots for samples C1 and C2, respectively. According to the analysis using TEM software, the crystal planes of a single GaN nanodot could be identified, and the phase of GaN nanodots could be investigated by the polycrystalline ring-like patterns. For the sample C1, the (200) plane of zinc-blende GaN is shown in Figure 6a , and the cubic structure of GaN nanodots with planes (111), (200), and (220) is shown in Figure 6c . Cubic GaN nanodots could be obtained on Si (111) by the growth parameters of sample C1. On the contrary, we verified the TEM images of sample C2. The (101) and (002) planes of wurtzite structure are shown in Figure 6b , and the ring patterns with planes (100), (002) and (101) for the wurtzite crystal structure of GaN nanodots are shown in Figure 6d . According to the TEM results of samples C1 and C2, the pre-nitridation treatment on Si (111) could inhibit the phase transformation from metastable zinc-blende to stable wurtzite structures. For the microstructures of GaN films grown by MBE, the nitrogen-rich growth condition showed the existence of zinc-blende GaN phase [36] . The pre-nitridation treatment could serve as a larger nitrogen source for the formation of GaN nanodots. Therefore, the cubic GaN nanodots dominated in the sample C1. To further investigate the effect of thermal budget on the crystal structures of GaN nanodots, Figure 7a ,b shows cross-section HRTEM images of a single GaN nanodot, and Figure 7c ,d shows the SAD patterns of GaN nanodots for samples C3 and C4, respectively. The (002) and (102) planes of wurtzite structure are shown in Figure 7a ,b, and the ring-like patterns with planes (100), (002) and (101) both show the wurtzite crystal structure of GaN nanodots in Figure 7c ,d. The higher substrate temperature of droplet epitaxy could lead to GaN nanodots phase transformation to wurtzite crystal structure. When the substrate temperature was raised during droplet epitaxy, high surface migration occurred, which improved the quality of the growth front of GaN and it became favorable to form the more thermodynamically equilibrated wurtzite phase [31, 36] . Figure 7a ,b, and the ring-like patterns with planes (100), (002) and (101) both show the wurtzite crystal structure of GaN nanodots in Figure 7c ,d. The higher substrate temperature of droplet epitaxy could lead to GaN nanodots phase transformation to wurtzite crystal structure. When the substrate temperature was raised during droplet epitaxy, high surface migration occurred, which improved the quality of the growth front of GaN and it became favorable to form the more thermodynamically equilibrated wurtzite phase [31, 36] .
of wurtzite structure are shown in Figure 7a ,b, and the ring-like patterns with planes (100), (002) and (101) both show the wurtzite crystal structure of GaN nanodots in Figure 7c ,d. The higher substrate temperature of droplet epitaxy could lead to GaN nanodots phase transformation to wurtzite crystal structure. When the substrate temperature was raised during droplet epitaxy, high surface migration occurred, which improved the quality of the growth front of GaN and it became favorable to form the more thermodynamically equilibrated wurtzite phase [31, 36] . 
Conclusions
GaN nanodots were fabricated on Si (111) by droplet epitaxy using a nitrogen plasma-assisted MBE system. Polycrystalline GaN nanodots were shown by the characterizations of in-situ RDEED and TEM. Uncompleted crystallization of the Ga metal droplets were observed from the measurement using XPS. The phase transformation of GaN nanodots from metastable zinc-blende crystal structure to stable wurtzite crystal structure could be inhibited by the surface modification of nitrogen plasma (i.e., pre-nitridation treatment). The pre-nitridation treatment also influenced the size and density of GaN nanodots. The nitrogen-terminal Si surface could not only change the sticking coefficient or the surface diffusion of Ga atoms, but also could provide the nitrogen-rich condition for the existence of zinc-blende phase. On the other hand, the stable wurtzite structure of GaN nandots could be found at higher growth temperatures. This was because the phase transformation of crystal structures depended on the activation free energy barrier. The higher temperature growth could decrease the energy barrier of phase transformation. In this report, we focused on the investigation of GaN-nanodot crystal structures. Nonpolar GaN nanodots with cubic crystal structure could be synthesized during the process of droplet epitaxy, which could have future applications of GaN nanodots for solid state quantum devices. 
